Introduction
Axonal pathology and neuronal loss in multiple sclerosis have recently regained increasing attention. The macroscopic concomitant loss of brain tissue lends itself to quanti®cation using neuroimaging (Miller et al., 2002) . Thus, crosssectional MRI studies reported reduced cerebral, brainstem and spinal volumes and enlarged ventricles compared with normal aged-matched subjects (Losseff et al., 1996; Stevenson et al., 1998; Rudick et al., 1999; Brex et al., 2001) . Longitudinal studies revealed a faster rate of brain tissue loss in different clinical subtypes of multiple sclerosis Brain 126 ã Guarantors of Brain 2003; all rights reserved compared with controls Fox et al., 2000; Ge et al., 2000; Bakshi et al., 2001b) . Neurodegenerative pathology in multiple sclerosis may represent a major part in the development of permanent of disability.
Diffuse atrophy in multiple sclerosis is a result of tissue reduction in both grey matter (GM) and white matter (WM); in¯ammation and oedema may also exhibit variable effects on tissue volumes. WM changes leading to neuronal loss have been studied extensively using a wide range of different magnetic resonance techniques Matthews et al., 1998) . However, very little is known about the contribution to atrophy of the cerebral cortex and GM outside the cortex in multiple sclerosis although recent investigations point towards a signi®cant involvement (Chard et al., 2002b; Cifelli et al., 2003) .
Although there have been a small number of pathological investigations of the cortex in multiple sclerosis, a direct involvement with lesions in the cortical ribbon is commonly recognized (Kidd et al., 1999; Peterson et al., 2001) . It is not well understood how the cortex is affected and whether cortical changes are distributed diffusely or have predominant locations. So far, few neuroimaging studies in multiple sclerosis have assessed the cerebral cortex separately either by computing relative volume changes of GM compared with total intracranial volume (Chard et al., 2002b) , by measuring the concentration of N-acetyl-aspartate of cerebral cortex (Kapeller et al., 2001; Chard et al., 2002a; Sarchielli et al., 2002) or showing abnormalities in magnetization transfer imaging studies in normal-appearing GM in primary progressive multiple sclerosis patients (Dehmeshki et al., 2003) . Detection and visualization of changes in absolute thickness of the cortical ribbon, which would allow study of the whole GM and its pattern of involvement, have so far not been performed in this disease. Accurately measuring cortical thickness may provide important information about the integrity of the cerebral cortex in multiple sclerosis and thus yield new insights into the pathophysiology of this disease.
Cortex thickness has been dif®cult to study, primarily because of its complex folding patterns, regional variability and lack of a reliable methodology to measure the cerebral cortex in vivo. In the present investigation, a novel method featuring automated surface reconstruction, transformation and high-resolution inter-subject alignment procedures were used. This method yields accurate measurements of the thickness of the cerebral cortex across the entire brain and facilitates the calculation of cross-subject statistics based on the cortical anatomy (Fischl and Dale, 2000) . The purpose of this study is to: (i) evaluate in vivo the thickness of the cortical grey matter in multiple sclerosis patients; (ii) to assess whether there is a predominant location of cortical atrophy compared with an age-matched control group; and (iii) to describe its relationship with clinical features and T 2 hyper-intense and T 1 hypo-intense total lesion volumes.
Subjects and methods
Twenty patients with clinically de®nite multiple sclerosis (Poser et al., 1983) (10 female and 10 male) were recruited. Eleven patients had a relapsing±remitting and nine a secondary progressive disease course as described by Lublin and Reingold (1996) . The mean age of the patient group was 36.9 years (SD 7.5), with a mean disease duration of 6.1 years (SD 3.6) and a median EDSS (expanded disability status scale) (Kurtzke, 1983 ) score of 4.0 (range 1.0±7.0). Patients receiving steroid treatment within the last 30 days were excluded from the study. For different group comparisons, the multiple sclerosis patients were assigned either to three groups according to their disability measured by EDSS or to three groups in agreement with disease duration or to three age groups according to age. In addition, 15 healthy subjects from the same age group and approximately the same sex distribution (eight female and seven male subjects) were studied (mean age 36.5 years, SD 4.5). The characteristics of the groups are displayed in Table 1 . All volunteers gave written informed consent to enter the study, which had been approved by the local institutional review board of The Otto-von-Guericke University, Magdeburg.
MRI
Imaging was performed in Magdeburg, Germany, with a neuro-optimized GE 1.5 T Signa Horizon LX scanner (General Electric, Milwaukee, WI, USA). A T 1 -weighted 3D RF-spoiled Gradient Echo sequence [SPGR, 124 sagittal slices, 1.5 mm thickness, TR (repetition time) = 24 ms, TE (echo time) = 8 ms,¯ip angle = 30°, bandwidth = 10.4 kHz, in-plane resolution = 0.98 mm Q 0.98 mm) was used to measure cortical thickness. Acquisition parameters were empirically optimized to increase grey/white matter image contrast. T 2 -and proton density-weighted images were acquired using a conventional dual spin echo sequence (TR = 2800 ms, TE = 14 ms and 84 ms). T 1 -weighted 2D images were obtained with a spin echo sequence (TR = 600 ms, TE = 20 ms). All 2D sequences were acquired as axial oblique contiguous 3 mm slices (256 2 image matrix, 24 cm ®eld of view). The imaging protocol was identical for all subjects studied.
Measurement of cortical thickness
The 3D structural scan was used to construct models of each subject's cortical surfaceÐan automated procedure involving segmentation of the cortical WM (Dale and Sereno, 1993; Dale et al., 1999) , tessellation of the grey/white matter junction, in¯ation of the folded surface tessellation patterns (Dale and Sereno 1993; Fischl et al., 1999a) and automatic correction of topological defects in the resulting manifold (Fischl et al., 2001) . This surface was then used as the starting point for a deformable surface algorithm designed to ®nd the grey/white and pial surfaces with sub-millimetre precision (Fischl and Dale, 2000) , as has been validated by comparison with manual measures made on post-mortem (Rosas et al., 2002) . This method uses both intensity and continuity information from the surfaces in the deformation procedure in order to interpolate surface locations for regions in which the MRI image is ambiguous (Fischl and Dale, 2000) . For each subject, thickness of the cortical ribbon was computed on a uniform grid with 1 mm spacing across both cortical hemispheres, with the thickness being de®ned by the shortest distance between the grey/white and pial surface models. The thickness maps produced are not limited to the voxel resolution of the image and are thus sensitive to detecting sub-millimetre differences between groups (Fischl and Dale, 2000) . Thickness measures were mapped to the in¯ated surface of each participant's brain reconstruction, allowing visualization of data across the entire cortical surface (i.e. gyri and sulci) without being obscured by cortical folding. Each subject's reconstructed brain was morphed to an average spherical surface representation that optimally aligned sulcal and gyral features across subjects (Fischl et al., 1999a,b) . This procedure provides accurate matching of morphologically homologous cortical locations among participants on the basis of each individual's anatomy while minimizing metric distortion. This transform was used to map the thickness measurements into a common spherical coordinate system. The data were then smoothed on the surface tessellation using an iterative nearest-neighbour averaging procedure. Because this smoothing was restricted to the cortical surface, averaging data across sulci or outside GM was avoided.
De®nition of regions of interest (ROIs) was performed by detection of contiguous regions of statistical signi®cance as de®ned by the statistical difference maps. After checking for clustering of subcortical lesions to rule out artefactual segmentation effects, these areas of regional thinning were used to create ROIs on a standard brain, and then were mapped back to each individual participant using a highdimensional spherical morphing procedure (Fischl et al., 1999a) to ®nd the homologous regions across subjects (Fig. 1) .
Quanti®cation of lesion volume
Lesion volume quanti®cation was performed on the proton density weighted and on the T 1 weighted images using a semi-automated, local contour technique. All lesions were n.a. = not applicable marked on ®lms prior the segmentation. T 1 lesions were identi®ed as hypointense areas on the enhanced T 1 weighted scans and con®rmed on a proton density weighted scan as lesions. The semi-quantitative lesion load measurement was performed using a highly reproducible (Molyneux et al., 1998) threshold technique based upon the local environmental intensity of the lesion (DispImage software package supplied by Dave Plummer, University College London, UK). The median T 2 lesion volume was 20.0 cm 3 (range 3.1± 48.3) and the median T 1 lesion volume amounted to 2.7 cm 3 (range 0.1±10.2). Patients were assigned to two groups according T 2 and T 1 lesion loads (low T 2`2 0 cm 3 and high T 2 >20 cm 3 ; low T 1`3 .0 and high T 1 >3.0 cm 3 ).
Statistics
Maps were generated averaging across participants in the spherical space to construct both mean thickness difference maps [mean differences in cortical thickness between multiple sclerosis patients and controls at each point on the Cortical thinning is displayed on lateral (top) and medial (bottom) views of folded and in¯ated brains. Thinning across subjects was most signi®cant in temporal and frontal brain regions. These maps demonstrate areas with highly signi®cant reduction of cortical thickness in multiple sclerosis subjects, where statistical signi®cance (colour scale) represents the dynamic range of thinning. Blue represents a signi®cant thickening of the cortex. Full yellow corresponds to a statistical difference in cortical thickness with a P value of 0.001 that relates to at least up to 0.4 mm of cortical thinning.
reconstructed surface (data not shown)] and statistical thickness difference maps generated by performing t-tests between groups at each vertex using a random effects model across both cortical hemispheres. Regions showing signi®-cant thinning were de®ned as ROIs and the mean cortical thickness values in these ROIs were used for further analysis. Individual thickness measures were submitted to ANOVAs (analyses of variance) to investigate the relationship between cortical thickness and clinical variables. Subsequent Bonferroni correction for multiple comparisons was applied for factors with more than two levels. In addition, correlations between cortical thickness and clinical or MRI data of the patients were calculated using nonparametric Spearman rank correlations coef®cient (r) and corresponding two-tailed signi®cance levels. P values <0.05 were considered signi®-cant. Data were processed with the statistical package SPSSã release 11.0.1 (SPSS Inc., Chicago, IL, USA).
Results

Multiple sclerosis patients versus normal controls
In this study, we compared the cortical thickness of 20 patients suffering from multiple sclerosis and 15 agematched controls. Thickness measures were mapped to the in¯ated surface of each participant's brain reconstruction and statistical thickness difference maps were performed. The visualization of statistical thickness difference across the entire cortical surface (i.e. gyri and sulci) revealed a distinct pattern of cortical atrophy in patients suffering from multiple sclerosis (Fig. 2) .
The mean cortical thickness measured over the whole brain was reduced in multiple sclerosis patients compared with controls [2.30 mm (SD 0.14) and 2.48 mm (SD 0.11)]. This difference was substantiated by an ANOVA on the individual values with the factor group (patients versus controls) that revealed a signi®cant main effect of group [F(1,34) = 15.72, P < 0.001].
Areas of signi®cant cortical thinning were observed in different brain regions of the patients in comparison with normal controls (Fig. 2) . In the frontal region (superior and medial frontal gyrus and sulcus of both hemispheres), the mean thickness was 2.37 mm (SD 0.17) and 2.73 mm (SD = 0.25) for multiple sclerosis and control groups, respectively. Signi®cant focal cortical thinning was also present in the frontobasal regions near the frontal pole of the left and right hemisphere. For the temporal regions, mean cortical thickness was 2.65 mm (SD 0.15) in multiple sclerosis patients versus 2.95 mm (SD 0.11) in controls. There, the primary locations of cortical thinning were the superior and medial temporal gyrus and sulcus of both hemispheres (Table 2 ). Analysing all subjects (patients and controls), there was a main effect of age group (three levels) [F(2,99) = 3.77, P = 0.028], a main effect for group re¯ecting the differences between patients and controls [F(1,104) = 80.57, P < 0.001] as well as an interaction between age group and group [F(1,104) = 11.88, P < 0.001] (age group 1`34 years; age group 2 = 35±44 years and age Total cortex = mean cortical thickness. ROIs represent areas with signi®cant thinning as indicated by the average statistical maps across subjects (see Fig. 1 ). Disability: mild = EDSS`3 (n = 8); moderate = EDSS 3.5±5.5 (n = 7); severe = EDSS b6 (n = 5). Disease duration: short = <3 years (n = 5); moderate = 3±5 years (n = 6); long = >5 years (n = 9). T 2 hyper-intense lesion volume: low =`20 cm 3 (n = 11); high >20 cm 3 (n = 9). T 1 hypo-intense lesion volume: low =`3 cm 3 (n = 10); high >3 cm 3 (n = 10) group 3 b45 years). Subsequent comparison between age groups showed, however, that there were no signi®cant differences between the three age groups in controls. ANOVA across the patients only showed no signi®cant main effect for age group [F(2,17) = 0.315, P > 0.05], suggesting that the interaction between age group and group across all subjects was due to an age group effect in the controls group. Fig. 3 The surface reconstruction demonstrates mean thickness differences of the cortex as statistical maps of multiple sclerosis subjects according to (A) disability, (B) disease duration, (C) T 2 hyper-intense and (D) T 1 hypo-intense lesion volumes in the white matter. Patient subgroups were compared with 15 control subjects. The statistical maps are overlaid on in¯ated brains. The colour scale shows the dynamic range of thinning. Blue represents a signi®cant thickening of the cortex. Full yellow corresponds to a statistical difference in cortical thickness with a P value of 0.001 that relates to at least up to 0.4 mm of cortical thinning. (A) Average statistical map of eight multiple sclerosis subjects with a mild disability as measured on the expanded disability status scale (EDSS`3). Seven multiple sclerosis subjects with moderate disability (EDSS = 3.5±5.5) and ®ve multiple sclerosis subjects with severe disability (EDSS b6) were compared with 15 age-matched control subjects. The surface reconstruction demonstrates predominant areas of focal cortical thinning differing with the degree of disability. Thinning of the frontal and temporal brain regions was observed in patients with mild and moderate disability. Patients with severe disability presented with additional thinning of the motor area. (B) Average statistical map of ®ve multiple sclerosis subjects with short (<3 years), six multiple sclerosis subjects with moderate (3±5 years) and nine multiple sclerosis subjects with long disease duration (>5 years). With increasing duration of illness, statistical maps demonstrate progressive, focally located signi®cant differences in mean cortical thickness. The reduction of cortical thickness in temporal lobes is already an early ®nding (<3 years), whereas in patients with longstanding disease, additional atrophy including the motor area is evident. (C) Average statistical map of 11 multiple sclerosis subjects with lower T 2 hyper-intense total lesion volumes (`20 cm 3 ) and nine multiple sclerosis subjects with high T 2 lesion volumes (>20 cm 3 ). Signi®cant thinning across subjects was observed in both groups, again with predominant locations in frontal and temporal regions. Multiple sclerosis patients with high lesion load (>20 cm 3 ) revealed a signi®cant thinning in motor area. (D) Average statistical map of 10 multiple sclerosis subjects with low T 1 hypo-intense total lesion volumes (`3 cm 3 ) and 10 multiple sclerosis subjects with high T 1 lesion volumes (>3 cm 3 ). There was a lack of signi®cant difference in cortical thickness between patients with low T 1 lesion volumes and control subjects, whereas patients with high T 1 lesion volumes presented with atrophy of the cortex in the predominant locations including the motor cortex.
Cortical thickness and clinical variables
To investigate the relationship between cortical thickness and clinical parameters, patients' thickness values derived from the different ROIs were submitted to an ANOVA with the factors ROI location (frontal, temporal, motor), disability (mild = EDSS`3, moderate = EDSS = 3±5.5, severe = EDSS b6), disease duration (short = <3 years, moderate = 3±5 years, long = >5 years), T 1 lesion load (`3.0 cm 3 , >3.0 cm 3 ) and T 2 lesion load (`20 cm 3 , >20 cm 3 ). For mean thickness measures according to clinical variables, see Table 1 .
Disability and cortical thickness
There was a highly signi®cant main effect of disability [F(2,59) = 19.82, P < 0.001] as measured by the EDSS score on the cortical thickness values. Post hoc multiple comparisons showed signi®cant differences between all disability levels. EDSS score correlated signi®cantly with the mean over all cortical thickness (r = ±0.56, P = 0.011). However, no signi®cant interaction was found between disability and ROI location [F(4,59) = 2.36, P = 0.11].
In patients with mild disability (EDSS`3), the statistical thickness difference maps showed signi®cant focal cortical thinning in the distal part of the left and right superior temporal gyrus and sulcus (Fig. 3A ). Similar differences with controls were also observed in patients with moderate disability (EDSS 3.5±5.5). There were, however, additional focal areas of cortical atrophy in the parietal and frontal medial gyri (Fig. 3A) . Five patients with severe disability (de®ned here as EDSS b6) demonstrated similar regional cortical atrophy in the temporal, parietal and frontal regions compared with those patients with moderate disability. In addition, small areas of signi®cant atrophy were observed along the vicinity of the pre-motor and motor cortex (further referred to as motor cortex, Fig. 3A) . EDSS correlated signi®cantly (r = ±0.69, P = 0.001) with the mean cortical thickness of the ROI that labelled the motor cortex.
Disease duration and cortical thickness
There was a highly signi®cant main effect of disease duration [F(2,59) = 11.51, P = 0.002]. Post hoc multiple comparisons showed that the differences between all duration levels were signi®cant. A trend could be observed for the interaction between disease duration and ROI location [F(4,59) = 2.53, P = 0.09]. To further elucidate the nature of this trend, statistical maps were calculated for the comparison patients versus controls for each disease duration level (Fig. 3B) . Patients with disease duration of <3 years did not exhibit any signi®cant focal cortical thinning compared with normal control subjects (Fig. 3B ). In patients with disease duration up to 5 years, we observed signi®cant focal atrophy that mainly involved the left and right temporal superior gyrus and sulcus, as well as the left and right frontal superior gyrus and sulcus.
The nine multiple sclerosis patients whose disease duration was >5 years exhibited pronounced focal atrophy beside the temporal and frontal areas, in the motor cortex of the left and right hemisphere. The disease duration correlated signi®-cantly with the mean cortical thickness of the ROI over the motor cortex from both hemispheres (r = ±0.53, P = 0.016). The mean cortical thickness for the whole cortex and for the ROIs according to disease duration is shown in Table 2 . No signi®cant interactions were found between the T 2 lesion volumes and all other clinical variables. However, a trend was found for the triple interaction between the T 2 lesion volumes, disability and ROI location (F(2,58) = 3.86, P = 0.06].
Lesion volumes and cortical thickness
To further investigate this complicated pattern of results, statistical maps were calculated for the comparison patients versus controls for each T 1 and T 2 lesion volume level ( Fig. 3C and D) .
Multiple sclerosis patients with higher (>20 cm 3 ) as well as lower (`20 cm 3 ) T 2 lesion volume showed reduced cortical thickness compared with controls. With the exception of the motor cortex, which was thinner in the high volume group in both hemispheres (Fig. 3C) , T 2 lesion volume did not correlate signi®cantly with the mean cortical thickness of the ROI labelled as motor cortex and T 2 lesion load did not correlate signi®cantly with disability (EDSS).
Patients with high T 1 lesion volume (>3.0 cm 3 ) showed a signi®cant focal thinning of cortical sheets in temporal and frontal areas and along the motor cortex compared with controls. Those patients with low T 1 lesion volume (`3.0 cm 3 ), however, showed no differences to controls (Fig. 3D) . T 1 lesion volume correlated signi®cantly with the mean cortical thickness of the ROI labelled as motor cortex (r = ±0.54, P = 0.012). No correlation between the total T 1 lesion volume and EDSS was found. The mean cortical thickness for the whole cortex and the ROIs according to lesion volumes is shown in Table 2 .
Discussion
Our results establish a signi®cant reduction of the cerebral cortex thickness in patients with multiple sclerosis. When we investigated the relationship between cortical thickness and clinical variables, we found a highly signi®cant association with disability, disease duration, T 2 and T 1 lesion volumes of cortical thickness values. The visualization of data across the entire cortical surface including both gyri and sulciÐwithout being obscured by cortical foldingÐrevealed a distinct distribution of focal cortical atrophy in multiple sclerosis patients. Highly signi®cant focal atrophy was found predominantly in temporal, frontal and motor areas compared with normal controls. Signi®cant cortical thinning in frontal and temporal areas occurred early in the disease course and was apparent in patients with mild disability or a shorter disease duration. A considerable commonality has to be contemplated between groups classi®ed according to disease duration or disability when reviewing the pattern of the cortical involvement. Patients with severe disability or a longer course of the disease in addition exhibited signi®cant thinning of the motor cortex. A trend could be observed for the interaction between disease duration and focal atrophy, whereas there was no signi®cant interaction between EDSS and ROI location. The data presented re¯ect effects after correction for multiple comparisons. Although this approach might obscure discrete effects, it covers the robust properties.
Including the lesion volumes, signi®cant interactions were found between T 1 lesion volume and EDSS, and T 1 lesion volume and ROIs. This was substantiated by further independent triple interactions on cortical thickness measures between T 1 lesion volumes, EDSS and disease duration and ROIs. T 2 lesion load, as a factor, exhibited a signi®cant main effect on cortical thickness. However, there was no signi®cant interaction between T 2 lesion volumes and all other clinical variables on the cortical measures. The triple interactions have to be regarded with caution because the sub-cohorts are small, thus rendering the results more vulnerable to effects of outliers. Nevertheless, this complex patterns of interactions suggests that disease duration could affect the spatial distribution of the cortical thinning. The disability is affected by cortical thinning in general, not primarily by its distribution. However, the signi®cant interaction between T 1 lesion volume, location (ROIs) and disability across the cerebral cortex provides evidence that cortical thinning in distinct areas is closely related to progression of the disease and accumulation of lesions with a variable degree of axonal loss. This is illustrated by the statistical maps in Fig. 3 .
We also found a main effect of age group for all subjects, but subsequent comparisons showed that there were no signi®cant differences in cortical thickness between the three age groups. ANOVA across the patients only showed no signi®cant main effect for age group. This suggests that the interaction between age group and group (controls/patients) across all subjects was due to an age group effect in the control group. Our populations, both patients and controls, have a relatively narrow age range and, moreover, the disease itself may exert effects which, in¯uenced by disease severity, could mask an age effect in the patients group.
Thinning of the cortical ribbon corresponds to substantial pathological changes. Measuring the thickness of the cortex may disclose information about the evolution of the disease as shown in neurodegenerative disorders such as Alzheimer's (Rusinek et al., 1991; Jack et al., 1997 ), Huntington's disease (Halliday et al., 1998; Rosas et al., 2002) and motor neuron disease (Kiernan and Hudson, 1994) . In these disorders, the atrophy of the cerebral cortex has been attributed to progressive tissue shrinkage secondary to degeneration and neuronal loss. In general, the thickness of the cerebral cortex varies between 1 and 4.5 mm with a mean cortical thickness of~2.5 mm (Brodmann, 1909; Economo, 1929) . Thus, a thinning of the mean cortical thickness of 0.18 mm in our study corresponds to a 7.2% loss of cortical thickness. A mean reduction in thickness of 0.21 mm of the motor ROI in patients with severe disability corresponds to a 11.3% thinning of the cortical thickness.
In multiple sclerosis, cortical atrophy could result from various mechanisms. First, a direct involvement of the cortex is recognized (Dawson, 1916 ) and has recently been described (Kidd et al., 1999) . The number of lesions is usually underestimated since they are rarely seen on conventional magnetic resonance sequences. Cortical and juxtacortical lesions may account for up to 24% of the total detected cerebral lesion load (Kidd et al., 1999) . The identi®ed pathology in cortical lesions includes transacted axons, dendrites and neuronal cell death (Peterson et al., 2001) . Based on the demyelinated areas, three types of cortical lesions were identi®ed (Peterson et al., 2001) and neuropathological data indicate that demyelination in the cortex is common in multiple sclerosis brains. The in¯am-matory activity within cortical lesion, as described in WM lesions (Trapp et al., 1998) , correlated with the extent of neuritic transections in cortical lesions. However, cortical lesions contained 13 times fewer CD3-positive lymphocytes and six times fewer CD68-positive microglia/macrophages than WM lesions (Peterson et al., 2001) , thus leaving the precise dynamics and incidence of cortical demyelination and neuronal loss unclear. In addition, different types of cortical lesions were identi®ed based on the distribution of affected cortical layers and the neighbouring WM: (i) contiguous with subcortical WM matter lesions; (ii) small lesion con®ned to the cortex; and (iii) lesions extended from the pial surface to cortical layer 3 or 4. In contrast a topological distribution over the cortex or a predilection of cortical lesions as observed in WM remains elusive (Brownell and Hughes, 1962) .
A second potential mechanism that could lead to focal cortical atrophy is evident from studies showing cortical changes after pyramidal lesioning (Tower, 1940; Kalil and Schneider, 1975; Brodal and Walberg, 1982) . Following axonal transection, the distal segment undergoes Wallerian (anterograde) degeneration (Waller, 1850) . In multiple sclerosis, degenerative changes in axons within the WM lesions and secondary degeneration of ®bre tracts distal to the lesions have been documented (Matthews et al., 1996; De Stefano et al., 1998; Trapp et al., 1998) .
Data from animal studies after pyramidal tract lesioning provide convincing proof of proximal segments undergoing retrograde axonal changes, i.e. showing evidence for the socalled slow dying back of the axon (Kalil and Schneider, 1975) with cell shrinkage and/or cell death (Al-Abdulla and Martin, 1998) in the cortical ribbon. Studies of retrograde cortical changes have varied in their observations of the extent of cell loss, ranging from severe shrinkage (Kalil and Schneider, 1975) to 80% cell loss (Tower, 1940; Brodal and Walberg, 1982) consequently leading to a substantial thinning of layers of the cortical ribbon.
In multiple sclerosis, the increase in lesion volume paralleling the disease courseÐparticularly of lesions leading to a different degree of irreversible tissue loss such as the chronic T 1 hypo-intense lesionsÐmay lead to neuronal damage with transection of axons and subsequent retrograde axonal damage of cortical neurons. Based on the distribution and the predominant site of WM lesions in the cerebrum (Brownell and Hughes, 1962; Narayanan et al., 1997) , a distinct pattern of the bulk of potentially damaging lesions evolves around the horns of the ventricles within ®bre connections to the frontal, temporal and motor areas of the cortex. One may hypothesize that focal damage to the white matter and its connectivities in multiple sclerosis patients could be responsible for remote retrograde changes in appropriate regions of the cerebral cortex.
Our neuroimaging data show a signi®cant thinning of the cerebral cortex in multiple sclerosis, supporting earlier neuropathological ®ndings of tissue loss in the cerebral cortex. For the ®rst time, we present absolute measurement of the cerebral cortex of multiple sclerosis patients in vivo with visualization of the thickness differences across the entire cortex. We found, beside an overall atrophy of the cortical ribbon, distinct cortical regions that exhibit signi®cant focal atrophy. From the available evidence, the unequivocal origin of the focal atrophy of the cerebral cortex observed cannot be answered fully. We explicitly checked for clustering of subcortical or cortical lesions that could bias or in¯uence the segmentation of the grey/white matter. In particular, the wellde®ned regions of cortical atrophy did not show any difference compared with other parts of the brain. We recognize that a direct mechanism such as cortical lesions [frequently seen in autopsy studies and rarely detected by MRI (Bakshi et al., 2001a) and thus consequently underestimated] may contribute to general and focal cortical atrophy (Peterson et al., 2001) . The remote effects as discussed above (retrograde degeneration) leading to cortical changes are well documented and may develop as a consequence of destructive lesions located deeper in the white matter with a cortical distribution depending on the predominant sites of distant lesioning. Finally, we have to consider other neurodegenerative components developing independently of focal WM or GM lesions that may eventually play a role in the early development of atrophy in multiple sclerosis (Brex et al., 2001) . For clinical and monitoring purposes, the results have also demonstrated the utility of in vivo measurements of the cortical atrophy in disorders other than those associated with classical neurodegeneration. In multiple sclerosis, in vivo accurate measurements of cortical thickness using advanced methods of MRI provide new insight into pathophysiology of this disease and may serve as an additional prospective marker of disease progression.
